Femtosecond optical pulse propagation in a quantum wire (QWR) waveguide was investigated by two-color sum-frequency cross-correlation frequency-resolved optical gating (XFROG) spectroscopy. The polarization anisotropy of the crescentshaped GaAs QWR was observed in terms of absorption and refractive index dispersion by XFROG spectroscopy.
Introduction
An optical waveguide containing quantum nano structures is an important component of ultrafast photonic devices such as laser diodes, semiconductor optical amplifiers, and photonic switches. The analysis of ultrashort optical pulse propagation properties is essential for the optimum design of these devices. However, the distortion of optical ultrashort pulses transmitted through them is very complicated, because both the amplitude and the phase are changed by numerous linear optical factors such as refractive index dispersion, absorption and gain, and nonlinear optical effects such as two-photon absorption and self-phase modulation.
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Therefore, transmission properties of the optical waveguide in both time and frequency domains should be fully characterized in advance for the design of future photonic devices.
Recently, frequency-resolved optical gating (FROG) has frequently been applied to full characterization of ultrashort optical pulses, since it yields information on both the amplitude and phase of a pulse field.
3) Although secondharmonic generation FROG (SHG-FROG) is one of the most widely used methods of ultrashort pulse characterization, 4) it often fails to retrieve a weak pulse. Cross-correlation FROG (XFROG) is more suitable for weak pulse characterization than SHG-FROG because this technique is based on the sum-frequency signal between a weak test pulse and a strong gated pulse. 5, 6) Since the amplitude and the phase of the pulse in the time domain can easily be transformed to the amplitude and the phase information in the frequency domain, this XFROG technique can be applied to the measurement of the complex transmission coefficient of a sample in a linear regime. Not only the complex transmission coefficient in the frequency domain, but also the deformation of the ultrashort pulses in the time domain can be observed directly at the same time in both linear and nonlinear regions by XFROG spectroscopy. [7] [8] [9] [10] In this study, the transmission properties including the polarization anisotropy of the quantum wire (QWR) waveguide are investigated by the XFROG spectroscopy.
Experimental Procedure
Both the amplitude and phase information of a light field can be obtained by the XFROG method. XFROG spectroscopy is based on the intensity cross-correlation measurement. The electric field of the cross-correlation signal E cross has the form for sum-frequency generation of
where E gate and E test are the electric fields of the gated and test pulses, respectively. The spectrum of the cross-correlation recorded as a function of delay between the test and gated pulses yields the XFROG trace as
The XFROG algorithm based on iterative Fourier transformation with generalized projection is performed to retrieve an unknown test pulse. 5) This algorithm requires input data of both the experimentally obtained XFROG trace I XFROG ð!; tÞ and the electric field of the gated pulse E gate ðtÞ, which is previously well characterized by another method, for instance, SHG-FROG. Starting with an initial guess of the test pulse, the iterative Fourier transform algorithm generates a better guess, which approaches the correct complex electric field. The complex transmission properties of a sample can be derived from the amplitude and phase information of both the input and output light fields. Thus, the XFROG method can be applied as a spectroscopic tool for the characterization of the optical properties of a sample such as a waveguide structure.
In this study, we employed XFROG spectroscopy to obtain the complex transmission properties of a semiconductor optical waveguide with GaAs/AlGaAs QWRs. Figure 1 shows a cross-sectional high-resolution scanning electron microscopy (SEM) image of the QWR waveguide sample. The QWR sample was an optical waveguide containing 7-period crescent-shaped GaAs/Al 0:36 Ga 0:64 As QWRs fabricated by flow rate modulation epitaxy. [11] [12] [13] The cladding layer was Al 0:63 Ga 0:37 As. The (001) flat and (111)A sidewall regions were removed selectively by wet chemical etching, which is effective in suppressing the PL from parasitic QWs of the sample.
12) The PL from the QWR is located at 795 nm. Here, the length of the waveguide was 1000 mm. The horizontal and vertical directions correspond to the TE-like and TM-like polarization modes of the waveguide, respectively, as shown by arrows in Fig. 1 . Figure 2 shows a schematic of the experimental setup used in this measurement. The laser system used was based on a mode-locked Ti:sapphire laser and an optical parametric oscillator (OPO). The output from the Ti:sapphire laser, whose wavelength and pulse duration were approximately 800 nm and approximately 100 fs, respectively, was focused onto the waveguide facet by a microscope objective with a magnitude of 20 after chirp compensation using a prism pair. The spot diameter of the incident laser at the waveguide facet was about 5 mm. A part of the Ti:sapphire laser output was used to pump the OPO. The transmitted and gated pulses from the OPO, whose wavelength and pulse duration were around 1550 nm and about 150 fs, were overlapped on a 0.5-mm-thin -BaB 2 O 4 (BBO) crystal and sum-frequency light was generated. The sum-frequency light spectra were recorded with a liquid-N 2 -cooled CCD camera as a function of the delay between the transmitted and gated pulses. We refer to them as XFROG traces. By retrieving the phase from an experimentally obtained XFROG trace, 5, 6) we obtained both the amplitude and phase of the pulse.
The XFROG method is a powerful tool for the characterization of the pulse particularly when the pulse intensity is weak. If the wavelengths of the test and gated pulses are the same, the wavelength of the second-harmonic light of each pulse and that of the cross-correlation signal are the same. Since the scattered second harmonics of a strong gated pulse may be a strong background if the cross-correlation signal is weak, background-free measurements are desirable. The combination of the Ti:sapphire laser and the OPO (two-color configuration) provides a background-free measurement. Since the wavelengths of the sum-frequency signal and the SHG signal from each of the pulses are different, the sumfrequency signal can be easily resolved by a spectrometer.
14)
The waveguide sample was fixed on the cold finger of a high-stability transmission-type helium cryostat (Axess Tech) for the low-temperature experiment. The drift of the sample position with respect to the support of the cryostat in all dimensions was less than 1 micron for at least over 3 h. CCD cameras were used in order to visualize the waveguide facet on both input and output sides. Figure 3 shows the typical result of the XFROG measurement for (a) without a sample and (b) with a sample. The sum-frequency cross-correlation signal is generated at t ¼ 0 in Fig. 3(a) ; on the other hand in Fig. 3(b) , the strong correlation signal appears at around t ¼ 8:1 ps and a weak signal still remains at t ¼ 0. This strong signal is attributed to the cross-correlation between the waveguide transmitted light and the gated light, and the weak signal at t ¼ 0 is due to the stray light out of the waveguide. Here, the sample was a GRIN-SCH optical waveguide containing GaAs/AlGaAs QWs and the input light wavelength was in the off resonant region. The length of the waveguide was 700 mm. In the case of the conventional cw transmission spectroscopy of waveguide structures, it is necessary to separate the light transmitted through the waveguide spatially from the stray light, which does not enter the waveguide core region due to the loose focus or misalignment, so that the measurement of the transmission spectrum was comparatively difficult. On the other hand, in this XFROG case, these two different components are easily separated by time-resolved measurement since the arrival of the transmitted light through the optical waveguide to the BBO crystal is delayed. By phase retrieval of the XFROG trace of the transmitted light through the waveguide (in this case, around t ¼ 8:1 ps), the amplitude and the phase information of the transmitted light can be obtained.
Results and Discussion
The results of the XFROG experiment for the case of the resonant condition in the QWR waveguide are described. Figure 4 shows the experimentally obtained XFROG traces for (a) the input pulse, (b) the output pulse from the waveguide when the light was TM-like-polarized (vertical) and (c) the output when the light was TE-like-polarized (horizontal). We observed the polarization anisotropy of the QWR waveguide by the phase retrieval from these traces. Figure 5 shows the retrieved normalized transmitted intensity and group delay dispersion in the frequency domain. The peak of the output light spectrum of the TE polarization is red shifted compared with that of the TM polarization due to the occurrence of absorption on the higher energy side. The group delay dispersion of the TM polarization is almost straight. However, that of the TE polarization bends at 1.57 eV, which reflects an anomalous dispersion related to the absorption. These differences between the TE and TM polarizations are attributed to the absorption anisotropy of the QWRs. The polarization anisotropy has been shown to depend strongly on the cross-sectional QWR shape. Martinet et al. discussed the absorption anisotropy in a crescentshaped QWR waveguide between TE and TM polarizations. 15) They found a new genuine QWR transition in TM polarization e 1 h 2 , which arises from both valence band mixing at k ¼ 0 and symmetry breaking at the heterostructural level, despite the mirror symmetry. In the TM polarization, the e 1 h 1 transition has no visible feature and the e 1 h 2 transition is the lowest one which is located on the higher energy side from the e 1 h 1 transition. Our results also suggest that the absorption edge in the TM polarization is located at a higher energy compared with that in the TE polarization.
Although the experimentally obtained XFROG traces were not completely the same as shown in Fig. 4 , for example the position of the top of contour, they are quite similar and it is difficult to mutually distinguish them clearly for both polarizations. This is because the active volume of QWRs is quite small compared with the case of QWs in general, so that the influence of the absorption during the propagation is also comparatively small. Therefore, it is necessary to perform the phase retrieval of XFROG traces in order to discuss the anisotropy of absorption. As mentioned above, we could observe the polarization anisotropy of the QWR when the light propagates along the QWR. In order to evaluate the detailed optical properties of QWR such as the detailed absorption spectrum profile, it is necessary to optimize the absorption coefficient, waveguide length, waveguide modes and coupling constant of the waveguide. Here, we emphasize that the anisotropy of dispersion in a QWR optical device could be clearly observed by this XFROG spectroscopy even for a comparatively small signature of QWR absorption.
Conclusions
We investigated the femtosecond pulse propagation effects in a semiconductor QWR waveguide by XFROG spectroscopy. In the QWR waveguide, the polarization anisotropy of the QWR could be observed by XFROG spectroscopy despite the small absorption. XFROG spectroscopy was shown to be a very simple and valuable technique for the characterization of waveguide-semiconductor photonic devices, since the transmission properties such as pulse shape, chirping, absorption and dispersion spectra can be easily obtained at the same time using this technique. 
